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Introduction
The vacuum plasma coatings technique is widely used for constructional materials hardening and friction force decreasing (Baldaev, Borisov, Vachalkin, 2007) , (Mrochek, Vershina, Ivashchenko, et al, 2004) , (Grigoryants, 1989) . The ion plasma technique is mainly applied for the vacuum plasma coatings deposition. In this case, the vacuum arc burns in the plasma material of the cold cathode due to its discharge current sputtering. This technique is quite complicated to be applied as it is difficult to determine the processes taking place inside the cathode spot and which plasma composition can occur in the cathode flames of the arc discharge.
The processes occurring inside the cathode spot were studied in detail by (Kesaev, 1968) . As a result, the fundamental characteristics of the cathode spots were determined as well as the main directions of further investigations. The spectroscopic investigations of the cathode spots and the explosive processes occurring in the cathode flames were specially investigated by Kesaev. He investigated in detail the effect found by Shtark in 1903, where the cathode flames in the tangential magnetic field are not deflected in accordance with Ampere's law (even nowadays this effect has no convincing explanation).
The problems raised by Kesaev are solved to a certain extent, but not completely. The spectroscopic investigations of the cathode flames of the arc and sparkle discharges were carried out by Gretchikhin together with colleagues in the middle of the 1960s and it is shown that the plasma generation in the cathode flames is determined by the presence of negative ions inside the flames (Gretchikhin, Tyunina, 1967) , (Gretchikhin, Davydov, Minko, Ya, 1968 ) , (Gretchikhin, 1974) .
The explosive processes investigations in the cathode flames were carried out by Mesyats with colleagues and it was found that micro explosions can be generated inside the cathode spots on separated low-sized particles, called ectons, (Mesyats, 2000) , (Mesyats, 1993) , (Mesyats, 1995) .
During the vacuum plasma technique development, some new problems appeared, such as: 1 -why there is the presence of the liquid phase under micro explosions in the cathode spot; 2 -what processes determine the electron energy distribution, and, consequently, why the percentage ratio of the ions with a different degree of ionization does not correspond to Saha equation; 3 -why the cathode flames under the longitudinal magnetic field application do not deflect in accordance with Ampere's law, etc. In this regard, there is a goal to develop the model of erosion plasma generation which could quite convincingly describe the character of the plasma generation in the high-current vacuum arc. So, the following actions should be taken to solve the given tasks:
-to develop the exact model of the micro explosion in the cathode spot with regard to negative ions generation; -to study the effect considering the cathode spot heating and liquid phase generating; -to find out the processes leading to the electronic component plasma heating and to prove the percentage ions composition in the cathode flame in accordance with experimental data; and -to find the cause of the reverse motion of the cathode flame in the longitudinal magnetic field.
Therefore, we consistently considered all the raised issues as applied to the erosion plasma of the cathode spots.
Negative ions in the explosive processes
Only the external atoms of the separate cathode material cluster are in contact with surrounding atoms during an explosion in the cathode spot. Cluster ionization energy is lower than 2 eV (Gretchikhin, 2008) , while the energy of the electron affinity of an atom is slightly lower (Messi, 1979) . Under the melting point, due to the tunnel-effect, the valence electrons of the surrounding atoms and clusters transverse to the atoms of the explosive cluster. The cluster is split onto separate free atoms in the moment of explosion. The built-in dipole electrical moments of the free atoms in the electric field of the cathode potential drop are lined in the field so the positive charge is in contact with the cathode material surface. The energetic scheme of the cluster atom interaction with the cathode surface is shown in Fig.1 . The probability of this is determined by the transparency ratio of the potential barrier during the tunnel-effect:
where d = r a -r k -difference between the atom radius and its covalent radius; Е 1 -cluster energy ionization of the cathode material; Е 2 -energy of the electron affinity of an atom; m e -electron mass.
As an example, the following cathode materials can be examined: iron, titanium, and copper 1 . Not all of the cluster atoms of the surface layer are directly in contact with atoms and clusters of the surroundings. Taking this into consideration, the general probability of the fact that titanium atoms leave the cathode spot by means of negative ions is:
Here N cl. -general number of particles in the cluster and ∆N clnumber of particles of the surface layer which are not in direct contact with surrounding atoms of the cathode material. Titanium clusters have the fcc close-packed structure, where only 9 from 13 triatomic molecules are directly in contact with the surroundings. So only these 9 molecules are negative ions, and the cluster radius is r cl. = 4.38 Å, the cluster ionization potential - The passage of discharge current of the cluster length, i.e. its diameter is:
Here r cl. -the minimum radius with a separate emissive cell in the cathode spot i.e. the cluster radius, с -speed of light in vacuum, and r ε -relative dielectric medium permeability.
The electric polarization theory for metals was developed by (Gretchikhin, Physics, 2008) and the calculations were made for the relative permeability for natrium, aluminum, iron and copper, while the relative dielectric permeability for titanium was calculated separately and was r ε~ 3.965·10
13
. On the basis of (3), the passing time of the electromagnetic wave through the cluster is τ -1.085·10
-11 sec for iron, = τ 1.84·10
-11 sec for titanium and = τ 5.51·10
-11 sec for copper. This time is necessary for the cluster to absorb discharged current energy. Since the process time is ~ ( 5 1 ÷ )·10
-11 sec, the cluster destruction process has an explosive behavior. The pressure, emerging at the cluster explosion moment, can be calculated by the formula:
Here N cl. -number of cluster particles multiplied by the number of atoms in the particle. Considering the overall atoms number in the cluster, the pressure at the cluster explosion inside the cathode spot is 1.82·10
9 Pa for iron, 1.98·10 9 Pa for titanium and 3.35·10 9 Pa for copper. Such pressure values can occur during the explosive blast (Gretchikhin, Rubleva, 2006) , (Litvinskiy, 2006) .
During the cluster explosion, a number of negatively charged particles are emitted from the cathode spot 2 . In this case, the electric current density of the charge separation during the flame discharge in the cluster explosion with double electrical layer generation is:
where V cl. -the cluster volume and f v -the flame emission rate from the cathode spot and it is determined by using the point explosion model.
The shock wave rate in solids for the point explosion is determined by the formula (Korobeinikov V. P., Melnikova N.S., Ryazanov E.V. 1961) and (Kostenboim X.S. 1974)
where ≈ ′ α 0.851, Е 0 -energy emitted in the cluster during the current discharge flow and ρ с -the cathode material density.
The energy emitted in the cluster is:
where L max -the Poynting vector, d К -the cathode spot size and τ -the electromagnetic wave passage time through the cathode material cluster.
On the basis of the cathode spot "autographs", it is shown in this work (Kesaev I.G. 1968 ) that the cathode spot diameter is increased due to arc current and film thickness. When the arc current and films thickness are quite small, the ratio of the discharge current to the "autograph" width is sufficiently small, and it is stabilized with a current and film thickness increase. When the arc current and films thickness are high, the ratio of the discharge current to the "autograph" width increases quickly. In the first case, not all the discharge current power is used for the film evaporation, while under the high currents and film thicknesses the spot size significantly enlargers due to "autographs" edges melting. Taking this into consideration, the probable "autograph" size of the separate copper cathode spot is ). The cathode spot is only influenced by the arc discharge current, so the average current density is -
In this case, the Poynting vector is defined by the Joule law
where U k -a near-cathodic potential drop. The average values of the near-cathodic potential drop are listed here (Kesaev, 1968) and it is quite convincingly shown that this potential drop coincides with first atoms ionization potential of the cathode materials for most metals. As a result, the flame discharge rate of the cathode flame can be calculated by means of the point explosion model and it is 4324 m/s for iron, 4652 m/s for titanium and 7820 m/s for the copper cathode. During cathode processes modeling of the pulsed discharge by laser, the flame discharge rate at some distance from the surface turned out to be 3900 m/s (Gretchikhin, Minko, 1967) , while in the vacuum arc -12.5 km/s under an arc current of 115 A (Kesaev, 1968) . The flame discharge rate was 8.8 km/s for the iron cathode under an arc current of 142 A (Kesaev, 1968) , while these investigations were not carried out for the titanium cathode. 1968).
The found values are quite reliable and they can be used in further calculations. Then the current density, caused by the negative ions discharge from the cathode spots is ~ 4.6·10 12 A/m 2 for the titanium cathode spot, ~ 1.37·10 13 A/m 2 for iron and ~ 1.3·10 13 A/m 2 for copper. Exactly the same current densities were experimentally found during the ecton explosion (cluster) (Mesyats, 2000) , (Mesyats, 1993) and (Mesyats, 1995) .
The energy to be transferred to the cluster to disintegrate it into separate atoms is:
where cl m -the cluster mass, μ -the cathode material molar mass
. boil H Δ -the sublimation heat. This energy is 1.75 eV for the iron cluster, 3.46 eV for the titanium one and 1.92 eV for the copper one. Using these values of energy, it is possible to determine the maximum current density which leads to the complete cluster disintegration into separate atoms by the formula:
Here k k S U , and k τ -the cathode potential drop, the cluster area and the passage time of the cluster length by the discharge current, respectively. The near-cathodic potential drops are listed here (Kesaev, 1968) and (Kolesnik, Kolesnik, 2009) , while the cluster radius values are given in (Gretchikhin, 2008) . The passage time is determined by the rate of the electromagnetic waves in the cathode material and is equal to c r r cl k / 2 . ε τ = (ε r -relative dielectric permeability of the cathode material and c -the speed of light). The limit current density leading to the complete cluster destruction is respectively 1.4·10 9 A/m 2 for the iron cluster, 2.3·10 9 A/m 2 for titanium and 4.7·10 8 A/m 2 for copper. Therefore, the current density emerging during the cathode cluster explosion in the vacuum arc is significantly higher than the current density of complete cluster destruction. The average current density on the cathode spot is about ~ 10 12 A/m 2 when the discharge current is 100 A. The clusters of almost all cathode materials explode and disintegrate into separate atoms under this current density and they are discharged as a vapor-gas phase from the cathode spot.
The electric current is generated by every cluster explosion -
, and the number of clusters to be exploded simultaneously in the cathode spot is -
When the current discharge is 100 A, the total number of clusters is 8 for copper. It should be no more than 5 erosion cells for the titanium cathode, no more than 10 for the iron cathode and no more than 12 for the copper cathode under a current discharge of 100 A (Kolesnik, Kolesnik, 2009 ). It was found that the number of erosion cells in the cathode spot was within 4-12, depending on the discharge conditions. This is confirmed by estimations on the basis of negative ions emission.
The electric current is generated by every exploded cluster, and all these currents produce the emission cell with public electric current which is equal to the current discharge to that fact. Owing to this, parallel currents are integrated by the Ampere force, and this effect is called current discharge pinching.
During the clusters explosion, the electric current is conducted by negative ions, but not free electrons. The magnitude of the pulse current during every separate cluster explosion corresponds to experimental data, found by (Mesyats, 2000) , (Mesyats, 1993) and (Mesyats, 1995) .
The negative ions ionization takes place during flame discharging. Free electrons can be generated and they try to neutralize the positive charge on the cathode spot surface. The reverse electric current can be generated and its value is several times higher than the main discharge current.
The enormous reverse current is caused by the free electron flow and this flow is spread all over the whole cathode spot area. Having passed the near-cathodic potential drop, these electrons penetrate into the skin depth and transform this layer into a liquid film.
Liquid phase generation in the cathode spot During a cluster explosion, the explosive emission of the negative charge from the cathode is defined by the electric current conducted not by free electrons, but by negative ions. At the same time, the positive charge is by the negative charge flame, and the double electrical layer is formed. The negative ions disintegration in the vacuum arc electric discharges takes place owing to the following reactions: Both reactions (11) occurred in the vapor-gas phase. Based on the first reaction, the concentration of generated free electrons per unit time is equal to:
Here k f -the constant of the first direct reaction (11). The activation energy of the fist reaction (11) is determined by the empiric formula (Benson S., 1962).
where D -the dissociation energy of the formed diatomic molecule (АВ). The dissociation energy is 1.2 eV for Ti 2 , and -2.05 eV for Сu 2 (Radtsig, Smirnov, 1980) . So the activation energy is 11.38 kJ/mole for titanium, and 35.16 kJ/mole for copper. The constant of the direct chemical reaction (Benson S., 1962 ) is:
here r a and r b -the covalent radii of the interacting particles, /sec for copper. The mass loss from the solid surface in the presence of negatively charged particles in the flow should be considered as a charged continuum flow with a double electrical layer creation. In this case, the mean free path of every negative ion in the flow must be significantly smaller than the distance, i.e. the negative ions to be removed without the collision in the double electrical layer. So 
Here m a -the particle mass in the cathode flame, Table 1 . The mean free path in the discharge chamber is:
where P C -the cathode flame pressure and r k -the radius of particles of the cathode flame (atoms for titanium and copper). The mean free path in the cathode flame is 2.76·10 -10 m for titanium atoms, 2.28·10 -10 m for iron and 1.86·10 -10 m for copper, while the distance, the negative ions to be removed from the cathode spot surface, is 5.5 mm, 11 mm and 12 mm for iron, titanium, and copper, respectively. The condition (15) is satisfied, so the cathode flame should be considered as a charged continuum flow. In such a flow, the negative ion range distance from the cathode spot surface is determined not only by the slowing down of the charged particles in the electric field of the double layer, but also by their ionization due to the reaction (11). Then the free electrons concentration along the axis X at the distance x in the layer dx is defined from the chemical reactions and slowing down in the double electrical layer in the following way: 
The solution of the differential equation in terms of the boundary condition offers the following approximate dependence for the first and second reaction (11) where n e,0 -the initial free electrons concentration to be determined by the boiling temperature using the Saha equation.
The first reaction (11) takes place at the beginning and the highenergy ions are generated. After their appearance, the negative ions ionization by an electron impact is stimulated with the decreasing of the quick energy of exciting and forming electrons. Thus, free electrons are generated at the distance of l Δ~ 10 -2 m from the cathode spot surface in accordance with reaction (11). Free electrons under the influence of the positively charged cathode spot surface are directed to the cathode, generating a reverse electric current which is equal to:
( 19) where e v -the drift electron velocity in the cathode flame plasma.
The following equality is true under stationary conditions on the basis of the charge conservation law
On the basis of (20), the reverse electric current is equal to the electric current to be generated during a cluster explosion, i.e. to the electric charge separation current with creating a double electrical layer. The difference is that the charge separation current lasts during the clusters explosion, while the reverse current lasts during the creation of the double electrical layer. The direct current is determined by the complex exploded cluster, while the reverse current -by the whole cathode spot surface. As a result, the reverse current density is an order of magnitude lower than the charge separation current.
The complete ionization of negative ions takes place at the distance of the full ions slowing down and in fact the reverse current stops. In this moment, the cathode spot stops its functioning at the given place and the cathode spot is generated alio loco. The cathode spot duration is 2.6·10 -6 sec without dependence on the cathode material and it turns out to be the cathode spot lifetime. If the breakdown of the near-cathodic space takes place inside the cathode space, then the cathode spot lifetime increases. This fact was experimentally proved and the most probable value was in a great agreement with data listed here (Kesaev, 1968) .
Since the reverse current is transferred by electrons, they can penetrate to the skin depth (∆). The specific skin layer values for some materials are listed in Table 1 . The temperature of the skin layer to be heated, is:
The results of the temperature evaluations and the skin layer to be heated in the cathode layer are listed in Table 1 . The surface layer heating in the cathode spot for all the metals is not higher than the boiling temperature and is slightly higher than the melting point.
The cathode spot temperature measured experimentally by an optical pyrometer under different discharge conditions was in the range of 1300 -2300 K, and 2300 -3700 K for the copper arc. The temperature evaluations listed in Table 1 are in good agreement with experimental data and are within the melting point and the boiling temperature.
Electronic component temperature in the cathode flame
As a result of the first reaction of (11), the electrons are in the surroundings with average energy, which is equal to the difference between the diatomic molecule dissociation energy and the affinity energy: eV for copper. Such average energy of the generated electrons is enough for titanium and copper to effectively ionize by the electron impact the remaining negative ions in accordance with the second reaction (11). These free electrons during negative ions ionization generate a cloud of free electrons with an average energy of (Gretchikhin, Kudryashov, 1970)
For example, in the cathode flame, consisting of iron vapor, where the continuous negative ions disintegration due to the electron impact takes place, the average electrons energy in plasma is 0.09 eV, and it corresponds to the electron gas temperature Т е,2 = 1040 К; , the average electrons energy for the titanium vapor is 0.0435 eV, so the electron gas temperature is Т е,2. ~ 505 К; while for the negative copper ions it is ~ 0.452 eV with an average-effective temperature of Т е,2 ~ 5243 К. So, for the vacuum arc discharge plasma in iron and titanium vapor, the electron gas energy is primarily defined by the first reaction of (11) and the values are 0.570 and 0.616 eV, while the temperatures are ~ 6620 and 7152 К, respectively. For the arc discharge copper plasma, in the first reaction the electrons are generated into plasma with 0.452 eV, while in the second reaction, with 0.675 eV. The second reaction of (11) leads to a quick electron gas temperature drop in the titanium atmosphere, just on the contrary to the copper atmosphere. So, the electron subsystem in the vapor-gas phase of iron, titanium and copper in the cathode flame has an expressed two-humped energies distribution.
Every electron generated after the first reaction (11) excites the following number of direct negative ions by means of the second reaction of (11):
where Е 1 -the average energy of the generated electrons owing to the first reaction of (11) and Е 2 -owing to the second reaction of (11). The factor 3.5 is determined by the maximum ionization cross-section during the electron impact. (Physical magnitudes: Handbook, 1991) The final distribution of the generated electrons due to negative ions ionization:
In copper vapors, the electron gas temperature corresponds mainly to the second reaction of (11). Bearing in mind that there is the electron subsystem in the thermodynamic equilibrium, the average temperature of the vacuum discharge electron component in the copper vapors is ~ 7830 К. The average electron flame temperature was calculated near the surface by modeling the energy fluxes to occur in the cathode spot of the vacuum arc by means of laser, carried out by (Gretchikhin, Minko, Ya, 1967) , and it was 7900 K. This coincidence was quite convincing within measurement errors.
So the electron component temperature is defined by the negative ions ionization processes. When the flame leaves the cathode surface drop, it has the temperature which is equal to the cathode material boiling temperature. And the electron flame temperature increases when the distance from the cathode surface increases too. This was experimentally found here (Gretchikhin, Tyunina, 1967) , (Gretchikhin, Davydov, Minko, Ya, 1968) , (Gretchikhin, Minko, Ya, 1968) , (Gretchikhin, 1974) .
The following fact was found experimentally in these studies (Gretchikhin, Tyunina, 1967) , (Gretchikhin, Davydov, Minko, Ya, 1968) , (Gretchikhin, Minko, Ya, 1968) , (Gretchikhin, 1974) . High-power continuous radiation can appear near the cathode surface, but the spectral lines and bands radiation of atoms and molecules are absent. So the flame emission near the cathode surface corresponds to the condensed media, i.e. in this case it is a liquid phase. The separation between the vapor-gas and the liquid phase takes place as the distance from the cathode surface increases. The temperature quickly increases in the vapor-gas phase and atoms and molecules radiation takes place, while the liquid phase radiation disappears due to its cooling under the dispersion.
The electrons are directed onto the cathode as the negative ions disintegration and they neutralize the induced positive charge, spread all over the cathode spot. The positive ions from the discharge gap cannot reach the cathode surface, since they are neutralized during the impact with the cathode flame. The current from the discharge onto the cathode stops and so the near-cathodic area breakdown takes place in the other place and this is determined by the fact that the opposite currents are mutually repelled.
If we assume that there is vacuum arc discharge plasma in the thermodynamic equilibrium, the ion plasma composition in the cathode flames vapor inside the discharge gap can be defined by the Saha equation: The direct measurements of the composition by percentage of ions with different degrees of ionization were carried out in the vacuum arc discharge at a current of 100 A. (Mrochek, Vershina, Ivashchenko, et al, 2004) and (Kolesnik, Kolesnik, 2009 ) and the results are listed in Table 2 (the lower row). If we make the association with the composition by percentage of ions with the first degree of ionization, then, in accordance with the Saha equation, the temperature is ~ 4100 K for the titanium cathode and 6830 К for the copper cathode. Under these temperatures, the composition measurements by percentage of ions with consequent degrees of ionization in the vacuum discharge are listed in Table 2 (the upper row). The found results of the composition by percentage using the Saha equation do not obviously correspond to the composition by percentage obtained by direct measurements. It indicates that the generated plasma in the vacuum arc discharges is essentially no equilibrium. There is a difference between the electronic temperature and the atomic temperature obtained by the Saha equation. The electronic component in the vacuum arc plasma discharge has the electrons with different energy, i.e. their generation takes place due to the different mechanisms on the basis of reactions in (11).
Electric current reverse motion in the cathode flame under the tangential magnetic field It was found experimentally by Shtark and then by Keasev in detail, that the reverse current rate of the cathode spot under the longitudinal magnetic field depends on:
-cathode material; -cathode material surface condition; -arc current; -oxide film; -cathode temperature; and -pressure of reaction discharge gas in the chamber. The simultaneous explosions of several clusters (emission cells systems) in the cathode spot leads to the double electrical layer generation above the cathode spot of a sufficiently great size (l 0 Table 1 ). The electrical current of neutralization of the positive charge on the cathode spot surface in the double electrical layer is directed oppositely to the principal discharge current. The Ampere force appears under the magnetic field superposition along the cathode surface: 
where k m -the cluster mass.
Let it be examined in what way the above-mentioned changing parameters have the influence on the cathode spot velocity of reverse travel under the longitudinal magnetic field.
The material cathode dependence is directly proportional to the dependence on the squared double electrical layer width and inversely proportional to the dependence on the cluster mass and flame rate of motion for different materials. The titanium cathode spot rate of motion is 5.8 times higher than the one for iron, while for copper it is 7.2 times higher.
The dependence on the surface condition (i.e. roughness) occurs when the cathode spot fails and recovers in another area, but the transition from one hill to another with a roughness increase cannot take place and the cathode spot motion stops.
The cathode spot rate of motion increases directly proportionally to the arc current under constant other parameters.
The oxide film on the cathode material prevents the near-cathodic space breakdown and it can lead to the quick cathode spot motion stop.
The cathode temperature increase leads to the thermo emission current increasing, which reduces the reverse electron neutralization current of the double electrical layer. Therefore, it decreases the Ampere force and, consequently, the cathode flame rate of reverse motion.
The increase of the pressure of reaction discharge gas in the chamber leads to the increase of the positive ions concentration in the discharge gap. The cathode flame is bombarded by positive ions, the negative ions concentration is decreased and, consequently, free electrons concentration during the negative ions ionization is decreased, too. The reverse electric current is reduced and the cathode spot rate of reverse motion is decreased.
Conclusion
Therefore, the investigations of the vacuum arc discharge with the cold cathode allowed finding out a new phenomenon. During the generation of a defined complex clusters explosion in the cathode spot, a fraction of certain atoms is as negative ions. As a result of this, a double electrical layer is formed above the cathode spot, and its neutralization leads to reverse current of free electrons generated owing to the negative ions ionization.
